Breakage and fractionation of respiratory competent yeast in the presence of ethidium bromide, and subsequent centrifugation of a detergent lysate of the mitochondrial fraction by the dye-buoyant-density technique, results in the isolation of closed-circular DNA. After removal of bound dye, this DNA has two components when analyzed by equilibrium buoyant density in the analytical ultracentrifuge. A minor component has a buoyant density of 1.684 g/cm3, which is characteristic of mitochondrial DNA, but the major component has a buoyant density of 1.701 g/cm3. This species of DNA is also present in yeast that have been mutagenized to respiratory deficiency in the presence of the highest concentration of ethidium bromide compatible with cell growth. The closed-circular DNA of buoyant density 1.701 g/cms, and free of linear DNA, is associated with the sole particulate band obtained on sucrose gradient centrifugation of a mitochondrial preparation from respiratory-deficient cells. Two particulate bands are obtained on sucrose gradient centrifugation of a mitochondrial preparation from respiratory-competent cells, the upper band containing DNA of buoyant density 1.701 g/cms and the lower band DNA of buoyant density 1.684 g/cm'. The suggestion is advanced, in view of the reputed sedimentation behaviour of yeast peroxisomes, that the closed-circular DNA of buoyant density 1.701 g/cm3 may be located in peroxisomes.
The dye-buoyant-density technique (1) , with ethidium bromide, has been used for the isolation of covalently closedcircular DNA from bacteria and mitochondria (2) (3) (4) . Although a small number of circular DNA molecules, released by osmotic shock from yeast mitochondria, have been seen in the electron microscope (5) , and the presence of a small amount of a closed-circular band of DNA in a dye-buoyantdensity gradient has been reported (6) , this closed-circular mitochondrial DNA has not been isolated (5) . As the isolation of circular DNA from yeast mitochondria would aid in understanding the 'petite' mutation (7) in this organism, this problem was investigated. It was found, by the simple expedient of adding ethidium bromide before fractionation of the yeast, that a band of covalently closed-circular DNA could be seen upon dye-buoyant-density centrifugation of a mitochondrial fraction. That the majority of this closedcircular DNA has a buoyant density characteristic of yeast nuclear DNA, and not mitochondrial DNA, is the subject of this report.
MATERIALS AND METHODS
Organisms. Two haploid strains of Saccharomyces cerevisiae, 4545-2B a arg 4-16, ade 1 and 4342-2B a lys 2, ade 8-18 were obtained from Dr. S. Fogel, Department of Genetics, Uni- versity of California, Berkely; a diploid yeast termed M was the same strain as used previously (8) .
Nomenclature. The term p (rho) was introduced by Sherman (9) to denote the genetically determined cytoplasmic factor responsible for respiratory sufficiency in S. cerevisiae. Its loss leads to respiratory-deficient cells termed p -.
Use of Ethidium Bromide. The phenanthridine dye ethidium bromide (3,8-diamino-5-ethyl-6-phenylphenanthridium bromide) is used in three ways herein. First, to produce pcolonies; second, to protect the closed-circular DNA in yeast during the preparation of a mitochondrial fraction; and third, to detect closed-circular DNA.
Production of p -Colonies. To ensure the isolation of colonies that had completely lost mitochondrial DNA of buoyant density 1.68 g/cm' (10, 11) Fractionation of Yeast. Cultures that had reached a density of 2-3 mg dry weight/ml were harvested by centrifugation for 5 min at 1500 X g and were resuspended in cold buffer containing 0.5 M sorbitol-0.01 M Tris-HCl (pH 7.4)-0.01 M EDTA, followed by centrifugation as above. For the preparation of closed-circular DNA, 0.5 mg/ml of ethidium bromide was added to the resuspension buffer. Cells were broken with 0.5-mm glass beads by shaking for 25 sec in a Braun homogenizer (B. Braun, Melsungen, W. Germany), which was cooled by expansion of CO2. Unbroken cells, cell-wall debris, and nuclei were removed by two centrifugations at 2000 X g for 5 min, and the mitochondrial fraction was collected by centrifugation at 8500 X g for 20 min. The pellet from this centrifugation was resuspended in the above buffer, with or without ethidium bromide, and sedimented as above. All operations were done at 0-40C under dim light to minimize damage to the DNA by photoactivated dye.
Dye-Buoyant-Density Centrifugation. The DNA in the pellet obtained from the yeast fractionation was released into solution by resuspension of the pellet by gentle agitation in 1-2 ml of 2% Sarkosyl for 10 min at 0-40C under a red safety light.
Dye-buoyant-density centrifugation was performed in polyallomer tubes containing 14 g of CsCl and the following additions: 1 ml of 0.1 M EDTA (pH 7.0), 4 ml of ethidium bromide solution (1.75 mg/ml in 0.1 M sodium phosphate buffer [pH 7.0]), 2-3 ml of the resuspended pellet corresponding to 30-60 mg of protein, and water to bring the total amount of liquid added to 14 ml. This solution was overlayed with liquid paraffin and centrifuged at 10°C in a Spinco 60 titanium rotor at 50,000 rpm for 48-72 hr.
Gradient Fractionation and Radioisotope Counting. After centrifugation, gradients were fractionated by piercing the bottom of the tubes and collection of 10-drop fractions. 30-ul Aliquots of each fraction were incubated overnight at 30°C in the presence of 0.4 M NaOH. After digestion of RNA, 100 ,ug of carrier DNA was added to each aliquot and the DNA was precipitated with cold 5%7/ trichloroacetic acid, followed by storage in ice for 2-3 hr to complete the precipitation. The samples were then collected onto 2.5-cm glass-fiber filters and rinsed with two 5-ml washes of ice-cold 5% trichloroacetic acid, followed by two 5-ml rinses of ethanol. The dried filters were transferred to scintillation vials and radioactivity was determined by counting in a Beckman LS-250 scintillation counter after the addition of 5 ml of toluene containing 0.5%, 2,5-diphenyloxazole (PPO) and 0.03% 1,4-bis-2-(4-methyl-5- 01 Ml EDTA, with or without 0.5 mg/ml of ethidium bromide, and the particles were collected by sedimentation at 10,000 X g for 15 min. The isolated particles were then analyzed for DNA by the dye-buoyant-density method; the fluorescent bands obtained were characterized by analytical ultracentrifugation.
Analytical Ultracentrifugation. Pooled fractions corresponding to peaks of radioactivity were prepared for ultracentrifugation by removal of the ethidium bromide by four extractions with isoamyl alcohol. The remaining isoamyl alcohol and CsCl were removed by overnight dialysis against 10 mM EDTA-15 mM NaCl-1.5 mM sodium citrate (pH 7.0). Buoyant density was determined in a Spinco model E ultracentrifuge with an AnF-titanium rotor and double-sector charcoal-filled epon cells. About After radioactive labeling and gradient fractionation, the isotope is distributed between a small lower peak and a larger double peak in a preparation from p+ cells (Fig. 2) . In a mitochondrial fraction from p-cells, the uppermost part of the double peak is absent; in the experiment illustrated in Fig. 3 , the two remaining peaks contain about equal amounts of 14C. Upon examination of the labeled bands in the preparation from p+ cells in the analytical ultracentrifuge, it was found that the DNA from the lowest band had a major component of buoyant density of 1.701 g/cm', and a minor component of buoyant density of 1.684 g/cm' (Fig. 4) . Likewise, the lower band from the isotopically labeled p-preparation consisted of a single DNA peak of buoyant density 1.702 g/ cm'. The two closely-juxtaposed bands from the isotopically labelled p+ preparations were pooled, and analysis showed the presence of two DNA peaks of buoyant densities 1.685 and 1.701 g/cm' (Fig. 4) . The upper part of the double band from p+ cells was found to be DNA of buoyant density 1.685 g/cm', and the lower part to be DNA of buoyant density 1.701 g/ cm'.
Both haploid strains of yeast, and an unrelated diploid strain, contained the lowest of the three DNA bands, the major component of which in p+ cells had a buoyant density of 1.700-1.702 g/cm'.
Finally, the crude mitochondrial fractions from p+ and p-cells, prepared in the presence or absence of ethidium bromide, were fractionated by sucrose gradient centrifugation. The resulting separations are illustrated in Fig. 5 . In the absence of ethidium bromide, two particulate bands from the p+ preparation were resolved, whereas in the presence of ethidium bromide only a single, spread particle-band was obtained. The crude mitochondrial fractions prepared from p-cells either in the presence or absence of ethidium bromide showed only a single band on sucrose gradient analysis.
Subsequent analysis of the particulate bands from the sucrose gradients by dye-buoyant-density centrifugation and analytical ultracentrifugation showed that the upper band from the mitochondrial fraction from p+ cells prepared in the absence of ethidium bromide contained DNA of buoyant density 1.701 g/cm', with a trace of the 1.684 g/cm' species, whereas the lower band contained only DNA of buoyant FIG. 4 . Uviscan traces of CsCl buoyant density gradients in the analytical ultracentrifuge. The marker at a buoyant density of 1.731 g/cm' is DNA from M. luteus. The traces correspond to the fractions described in Table 1 . density 1.684 g/cm'. Similarly the upper and lower portions of the particulate band obtained from a mitochondrial fraction from p+ cells prepared in the presence of ethidium bromide are enriched in DNAs of buoyant densities 1.701 and 1.684 g/cm8, respectively. The particulate bands in the preparations from p-cells contained exclusively DNA of buoyant density 1.701 g/cm3. Indeed, in the particulate band obtained from a mitochondrial fraction from p-cells prepared in the presence of ethidium bromide, the only DNA present was found in the region of the dye-buoyant-density gradient associated with closed circles.
DISCUSSION
Equilibrium centrifugation of DNA preparations in a CsClethidium bromide density gradient leads to separation of covalently-clbsed-circular DNA from nicked circles or linear DNA, because the closed-circular DNA binds less dye (1, 14) . Use has been made of this property in the present study to separate covalently closed-circular DNA from a mnitochondrial fraction from yeast cells that are broken and fractionated in the presence of ethidium bromide. This procedure was adopted because DNA containing the bound dye may not be as susceptible to nuclease action during isolation, or because nucleases may be directly inhibited by ethidium bromide.
The closed-circular DNA obtained from the CsCl-ethidium bromide density gradient centrifugation of a crude mitochondrial preparation from p+ cells has a major component, and sometimes a minor component, when examined in the analytical ultracentrifuge. The minor component, with a buoyant density of 1.684 g/cm' and identified as mitochondrial DNA (15) (16) (17) , is eliminated from yeast cells when the p factor is deleted by ethidium bromide mutagenesis (10, 11) The possibility that oDNA may be a nuclear contaminant of the mitochondrial fraction as a result of fragmentation of the nucleus by the severe procedure used to disrupt the cells is thought unlikely. This notion appears to be irreconcilable with the fact that oDNA has been obtained exclusively as a closed circle, with no other contaminating linear DNA, in the sole particulate band from sucrose gradients of preparations from p-cells fractionated in the presence of ethidium bromide. Although oDNA is found in association with the single particulate band from p-cells fractionated by sucrose gradient centrifugation, it appears to be associated with a lighter particle fraction than pDNA in preparations from p+ cells. Recently the interesting observations by Avers (18, 19) have drawn attention to the presence of peroxisomes in yeast; it is claimed that these particles occur in a lighter or slowermoving zone than do mitochondria in sucrose or sorbitol gradients. In the light of this information, it would seem a reasonable suggestion that peroxisomes may be the intracellular site of oDNA.
The possibility remains, however, that yeast may contain two types of mitochondria, or that yeast mitochondria contain more than one type of DNA. This latter possibility is interesting in view of the observation that mitochondrial preparations from Neurospora have been reported to contain two species of DNA with similar buoyant densities, both clearly distinguished from nuclear DNA (20) . Electron microscope studies have also suggested that isolated kinetoplasts from Trypanosoma mega contain a small circular DNA, and a much larger type of DNA molecule (21) . Clearly though, much work remains to be done to establish the intracellular location of oDNA in yeast.
In support of the view that yeast contains extrachromosomal DNA other than pDNA is the genetic evidence presented by Lacroute (22) 
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Circular DNA of buoyant density 1.701 g/cm' has been observed in crude lysates of yeast subjected to dye-buoyantdensity centrifugation (5); however, this DNA was thought to have been derived from the nucleus. It has also been reported from electron microscope observations that circular DNA of various sizes, prepared from intact yeast cells or crude mitochondrial preparations, occurs in a buoyant-density region associated with nuclear DNA (23) . This observation was not pursued.
Finally it would appear that ethidium bromide specifically eliminates pDNA in yeast, while not affecting the retention of oDNA, even in cells grown in the highest concentration of drug compatible with cell growth. Although this fact invites speculation as to the mechanism of the 'petite' mutation in relation to base ratios of the two types of DNA, it may simply reflect the possibility that oDNA is essential for the cell.
